Nanoshells are a novel class of optically tunable nanoparticles that consist of alternating dielectric and metal layers. They can potentially be used as contrast agents for multi-label molecular imaging, provided that the shell thicknesses are tuned to specific ratios. Sub-100 nm multi-layer nanoshells can potentially have improved tissue penetration, generate a strong surface plasmon resonance, and may exhibit absorption peaks in the visible-near-infrared (NIR) spectrum. Herein we describe the synthesis and characterization of bilayered concentric nanoshells with an overall diameter of around 50 nm consisting of a gold core, a tunable silica spacer layer and an outermost gold shell, which is approximately 16 times smaller than previously described multi-layered nanoparticles. The structured nanoshells were visualized by transmission electron microscopy (TEM) at each step of preparation. The absorption spectra of the gold-silica bilayered nanoshells are in good agreement with Mie's prediction and their resonance peak position is a function of the relative thickness of silica and gold layers.
Introduction
Metal-based nanoparticles and nanostructures are currently witnessing impressive advances due to the usefulness of the plasmon-derived optical response of metals, which for nanostructures is a sensitive function of geometry, dimensionality and materials composition [1] [2] [3] [4] [5] .
Various nanoparticle morphologies, such as rods, shells, cups, rings, and triangles, have been developed using many different synthetic procedures [6] [7] [8] [9] [10] [11] .
These experimental developments have expanded the use of plasmonic nanoparticles to a broad range of spectroscopic, biomedical and imaging applications [1, 4, 5, 12] . In particular, nanoshells have been shown to have tunable absorption frequencies that are dependent on the ratio of their inner and outer radii [13, 14] . Out of the intensive efforts on single-layer metal nanoshells, Halas et al studied, both experimentally and theoretically, the extinction spectrum of multi-layer gold nanoshells with diameters of around 1 μm [11, 15, 16] . It was found that the plasmon-plasmon interaction of the inner and outer gold 1 Present address: WM Wrigley Jr Company, Chicago, IL 60622, USA. 2 Author to whom any correspondence should be addressed. layers in a concentric nanoshell results in a hybridization of the symmetric and antisymmetric nanoshell plasmon resonances [16] . Finite-size effects appear to induce a strong shift in the energies of the hybridized plasmon modes of the concentric nanoshell with respect to the single-layer nanoshell plasmon mode.
When used as contrast agents, nanoshells of small dimensions offer advantages in terms of delivery to target sites in living tissues, bioconjugation, steric hindrance, and binding kinetics [17] [18] [19] [20] . In the size range of tens of nanometres, nanoshells provide large surface areas to volume ratios for chemical functionalization that can be used to link multiple diagnostic (e.g. radioisotopic or magnetic) and therapeutic (e.g. anticancer) agents [21] . Previous studies also showed that large nanoshells of several hundred nanometres gave rise to a relatively broad resonance peak, typically from 150 to 200 nm, that enables the use of only three to four distinct biomarkers in the whole visible-NIR range and would interfere with endogenous spectral features [15] . However, recent Mie theory simulations suggest that small multi-layer gold nanoshells with diameters of around tens of nanometres can potentially generate a stronger surface plasmon resonance (SPR) and exhibit ultra-sharp absorption peaks with spectrum widths of the order of 10 nm in the visible-NIR spectrum, provided that the shells thicknesses are tuned to a certain ratio [22] .
To facilitate tissue penetration by minimizing steric hindrances and enable multi-label imaging via four-dimensional light scattering fingerprinting (4D-ELF), it is important to reduce the nanoshell's overall diameter to tens of nanometres. Herein we set out to engineer nanoshells with an overall diameter of around 50 nm consisting of a 20 nm diameter gold nanoparticle core, a tunable dielectric silica middle layer, and an outer gold layer, which is approximately 16 times smaller than the previously reported nanoshells [15] . The gold core-based nanoshells described in this work represent a paradigm shift from the widely studied silica core-based nanoshells, in that a significant reduction in overall particle size can be achieved (conventional synthesis techniques limit silica nanoparticle sizes to 100 nm or larger) while maintaining the plasmon-plasmon interaction of separate gold layers. The same structure design described herein could be extended to other metallic nanoshells where both small size and metal layer plasmon-plasmon interaction are of primary interest. The ability to reduce the size of multi-layer nanoshells would enable the application of novel contrast agents that generate a tunable surface plasmon resonance peak in the spectral region best suited for optical bioimaging and biosensing applications.
Experimental section

Materials
(3-aminopropyl)trimethoxysilane, tetraethoxysilane, sodium silicate solution (Na 2 O(SiO 2 ) 3−5 , 27 wt% SiO 2 ), HAuCl 4 , and NH 4 OH (Rhone-Poulene, 28%) were purchased from Aldrich (St Louis, MO, USA). Gold colloids of 2 and 20 nm diameter were purchased from Ted Pella, Inc. (Redding, CA). Water for all reactions, solution preparation, and polymer purification was distilled, purified to a resistance of 18.2 M MILLIPORE systems (Billerica, MA, USA), and filtered through a 0.22 μm filter to remove particulate matter.
Preparation of silica-coated gold nanoparticles
A freshly prepared aqueous solution of (3-aminopropyl)tri methoxysilane (50 μl, 1 mM) was added to 10 ml of the 20 nm gold sol (5.0 × 10 −4 M in HAuCl 4 ) under vigorous magnetic stirring. The mixture of (3-aminopropyl)trimethoxysilane and gold dispersion was allowed to stand for 15 min to ensure complete complexation of the amine groups with the gold surface. A solution of active silica was prepared by lowering the pH of a 0.54 wt% sodium silicate solution to 10 by progressive addition of cation exchange resin (Dualite C225-Na 14-52 mesh, from BDH Chemicals). 400 μl of active silica was then added to 10 ml of the surface modified gold sol, again under vigorous magnetic stirring. The resulting dispersion (pH = 8.5) was allowed to stand for one day, so that the active silica polymerizes onto the gold particle surface. The particle was then transferred into water/ethanol mixture for further growth of the silica layer. At this point, a uniform and thickness-tunable silica shell can be grown via the Stöber method: 20 ml of ethanol was added to 5 ml of active silicate treated gold particle aqueous solution, followed by the addition of 60 μl tetraethoxysilane and 100 μl of ammonia. The solution was allowed to stand for 12 h under mild magnetic stirring. The resultant particles have a silica shell thickness of around 20 nm and were purified by centrifugation at 2500 rpm for 6 h and re-dispersed in 5 ml of ethanol for future use.
Fabrication of gold-silica bilayered nanoparticles (Nanoshells)
2.3.1.
Priming of the silica-coated gold nanoparticles with 2 nm gold colloids.
A volume of 500 μl (3-aminopropyl)trimethoxysilane (1 mM) was added to a 5 ml aliquot of silica-coated gold nanoparticles that were vigorously stirred in ethanol solution. The mixture was allowed to react for 12 h. The functionalization was monitored visually by observing the separation of the solution into two layers when left unstirred: the (3-aminopropyl)trimethoxysilane-coated silica nanoparticles precipitated to the bottom, leaving a clear ethanol solution at the top. To enhance covalent bonding of the (3-aminopropyl)trimethoxysilane groups to the silica shell surface, the solution was gently refluxed for one additional hour before being purified by centrifuge at 2000 rpm for one hour and re-dispersed in 5 ml of water. A 2.5 ml aliquot of the (3-aminopropyl)trimethoxysilane-treated silica nanoshells water suspension (∼7.0 × 10 11 nanoparticles ml −1 ) was transferred to a 15 ml BD Falcon conical centrifuge tube and agitated for 20 min, followed by the addition of 5 ml of 2 nm gold colloid suspension (∼1.5×10 14 nanoparticles ml −1 ). The contents of the centrifuge tube were shaken gently for 2 min and then allowed to sit overnight. The mixture was centrifuged at 2500 rpm for 3 h. The supernatant was decanted, leaving a dark coloured pellet, which was re-dispersed and sonicated in 2.5 ml of purified water for TEM imaging and the next step of gold coating.
Formation of outer gold layer.
A solution containing a reducible gold salt was prepared to grow a continuous gold layer on the gold-primed silica-coated gold nanoparticles. Briefly, 25 mg (0.18 mmol) of potassium carbonate was dissolved in 100 ml of HPLC-grade water. After 10 min of stirring, 1.5 ml (20 mmol) of a solution of 1.0 wt% HAuCl 4 in water was added. The solution initially appeared transparent yellow and slowly became colourless over the course of 30 min, indicating the formation of gold hydroxide [23] . The resulting solution was aged for 24 h in the dark before being used in subsequent steps. Subsequently, 1 ml of the goldprimed silica-coated gold nanoparticles was added to 4 ml of the colourless gold hydroxide solution. Reduction was accomplished by adding 10 μl of 37 wt% formaldehyde water solution to the nanoparticle gold hydroxide solution. Over the course of 5 min, the solution changed from colourless to light blue, which is characteristic of nanoshell formation. The nanoshells were under dialysis for two days, followed by centrifugation and re-dispersion in HPLC-grade water until use.
Transmission electron microscopy (TEM)
Approximately 10 μl of the sample solution was placed onto a carbon-coated TEM sample grid and allowed to air dry.
The samples were then examined using a JEOL 3010 TEM (Peabody, MA, USA) operated at 300 keV. Magnifications between 30 000 and 300 000 were used for image collection, employing a Gatan digital imaging system (Pleasanton, CA, USA).
UV/visible spectroscopy
Samples were contained in a 1 cm path-length quartz cuvette. Spectra were recorded on a Cary 50 Bio UV-visible spectrophotometer (Varian Inc., Palo Alto, CA, USA) over the 400-800 nm range with a resolution of 1 nm.
Dynamic light scattering (DLS)
Nanoparticles size and distribution were measured with a Brookhaven particle size analyser (Brookhaven Instruments Corporation, Holtsville, NY, USA). The light source was a 30 mW diode laser operating at a wavelength of 656 nm. A scattering angle of 90
• was used for all size measurements.
Extinction spectrum simulation
A numerical model that describes the resonant light scattering of multi-layered concentric nanospheres has been described previously [22, 24] . This model is based on exact solutions of Maxwell's equations for scattering by a multi-layered concentric sphere [13] . A robust and highly efficient recurrence algorithm was implemented to solve the equation numerically. The model was used to predict the surface plasmon resonance spectrum of the nanoshells. The required input parameters to the computational experiments are: the refractive index of the material at each layer, each layer's dimension (the radius of the core or the thickness of a shell) and the size distribution. To describe the experimental results with the numerical simulation, we computationally simulated the spectra using the aforementioned numerical model and fitted the simulated spectra to the extinction spectra using a conventional least-squares minimization algorithm [25] . The layer's dimension was obtained from the dynamic light scattering and TEM measurements. A Gaussian size distribution was assumed. The refractive indices of gold measured on evaporated films of gold at wavelengths ranging from 400 to 800 nm were used [26] . In each fitting, a normal size distribution was assumed, with two varying parameters, the mean size and the standard deviation of each layer, which were chosen within the range of the dynamic light scattering and TEM measurements with ±5% deviation. The final parameters (i.e. mean size and standard deviation) of nanoshells were obtained by minimizing the difference between the computationally simulated spectra and the experimental results.
Results and discussions
The synthesis strategy for small gold-silica-gold nanoshells is shown in figure 1 , where 20 nm gold colloids were first coated with silica using the silane coupling agent (3-aminopropyl)-trimethoxysilane as a primer to render the gold surface vitreophilic. The particles were then transferred into a water/ethanol mixture for further growth using the Stöber method [26] . Growth of the outermost gold shell onto the silica layer proceeded by derivatization of the silica surface with (3-aminopropyl)trimethoxysilane, which presents an amine moiety coated nanoparticle surface for attaching small gold colloid (2 nm diameter). The attached gold colloid then acts as nucleation sites for the reduction of gold ions from solution onto the particle. Once prepared, the nanoshells were processed to remove excess reactants by centrifugation. The synthesis of small-size nanoshells requires delicate control over the reaction conditions, including reagents concentrations, pH and reaction time, in order to achieve a concentric, single nuclear coating, tunable layer thickness and the least rough surface at each step of preparation.
Preparation of silica-coated gold nanoparticles
The growth of a silica layer onto 20 nm gold nanoparticle surfaces was conducted using a method similar to that developed for the silica encapsulation of 15 nm gold colloid, but some phenomena observed here are different from that reported previously [27] . Figure 2 shows TEM images of bare gold nanoparticles (a) and active-silica-treated gold nanoparticles (b). About 48 h after the addition of active silicate, a thin silica layer was coated on all gold nanoparticle surfaces, which appears rather rough, probably due to the oligomeric nature of active silica. The silica around the gold core appears very faint in TEM images because the silica layer has a lower electron density relative to the gold nanoparticle core. In contrast to 5 days continuous growth of the silica layer on 15 nm gold nanoparticles reported before, further growth of the silica layer was not observed on 20 nm gold nanoparticles beyond 48 h and the final silica coating was rather thin (∼1 nm) [28] . To obtain a thicker dielectric layer, further silica coating was conducted in ethanol/water mixtures using the well-known Stöber method [29] . Using this method, the addition of ammonia as a catalyst of tetraethoxysilane hydrolysis leads to the formation of alcosols of silica particles onto gold particles. It should be noted that the first step, active sodium silicate treatment on bare gold nanoparticles, was necessary to avoid significant gold aggregation in ethanol before silica formation on the particle via tetraethoxysilane hydrolysis. The aqueous ammonia should be added after tetraethoxysilane addition under vigorous stirring to make sure that single nuclear growth occurs. The gold-silica core-shell particle images are shown in figure 2(c) , where the darker and lighter parts of the particles are gold and silica, respectively. The resultant silica layer thickness was approximately 20 nm. Pure silica particles were also formed during the growth phase because of nucleation during the transfer into ethanol. The silica-coated gold nanoparticles were purified by centrifugation at 2500 rpm for 6 h and re-dispersed in ethanol for future use. The silica shell thickness could be tuned by varying the amount of tetraethoxysilane. While keeping other reaction conditions constant, the addition of 200 and 20 μl of tetraethoxysilane leads to 100 and 6 nm silica shells, as shown respectively in figures 3(a) and (b). A rather thin and uniform silica coating can be achieved using this method. Figure 3(c) shows the TEM image of the self-assembled gold-silica core-shell nanoparticles with an average silica thickness of around 6 nm.
Fabrication of gold-silica bilayered nanoparticles (Nanoshells)
Priming of the silica-coated gold nanoparticles with 2 nm gold colloids.
The silica-coated gold nanoparticles were functionalized with (3-aminopropyl)trimethoxysilane in order to provide the silica shell with a positively charged aminerich surface. With the approximate concentration and surface area of the silica shells being known, the amount of (3-aminopropyl)trimethoxysilane needed for surface functionalization can be estimated [25] . Consequently, we added an excess of 500 μl (3-aminopropyl)trimethoxysilane aqueous solution (1 mM) into a 5 ml gold-silica nanoshell ethanol solution (∼7.0 × 10 11 nanoparticles ml −1 ). The 2 nm citratereduced gold nanoparticles were negatively charged in aqueous solution. While this is important in allowing them to be dispersed, the resulting electrostatic repulsion prevents the formation of a continuous shell directly by the deposition of gold nanoparticles onto the silica shell surface [28] . The pendant amine groups showed a large affinity for Au nanoparticles, as evidenced by their TEM micrographs in figures 4(a) and (b), where the average silica thicknesses are 6 and 10 nm, respectively. Due to the interparticle Coulomb repulsion, the coating area percentage on the silica shell was around 30%, as analysed by Image Pro software (Media Cybernetics, Inc., Silver Spring, MD, USA). The 2 nm gold nanoparticles were strongly bound to the silica shell even after a series of sonications.
Formation of outer gold layer.
A continuous gold coverage on the silica layer was conducted by the reduction of gold hydroxide on the anchored small gold nanoparticles, which served as nucleation sites. Of all possible strategies, the reduction of chloroauric acid with formaldehyde affords relatively small gold particles with a net negative interfacial charge [30] . The reduction of gold hydroxide by formaldehyde took place preferentially on the surface of these particles (goldprimed silica-coated gold nanoparticles) and consequently show the TEM images of gold-silica-gold nanoshells built upon the particles in figures 4(a) and (b), respectively. We also observed the formation of small gold nanoparticles (1-2 nm) during the coating reaction, which were eliminated via centrifugation. The particles in figures 4(c) and (d) are referred to as Nanoshell (c) and Nanoshell (d). Their structure, dimension, polydispersity and extinction peaks were determined by dynamic light scattering, TEM and UV/vis spectroscopy, and are listed in table 1. The images of figures 4(c) and (d) also show that the gold coatings are continuous, with topographical roughness on the nanometer scale in which the maximum difference in height between the peaks and valleys is ∼5 nm. The resultant particle morphology is associated with the silica shell geometry and small gold colloids distribution on the silica surface as well.
Extinction spectrum of nanoshells
Gold nanoparticles show a very intense surface plasmon extinction band in the visible spectrum. The position of the plasmon band depends on the particle size and shape. Compared to 20 nm gold spheres that shows a strong extinction peak at 520 nm, Nanoshell (c) and Nanoshell (d) water dispersions exhibited a rather weak extinction peak around 530 nm but generated a new surface plasmon resonance peak at 680 and 663 nm, respectively, as shown in figure 5 . The resonance peak position depends on the plasmon interaction between separate inner and outer gold layers. We numerically calculated the extinction spectrum of simulated nanoshells with standard deviations of ±5% of the dimensions and normalized it by the maximum intensity to match with the spectrum measured by UV-vis spectrometer. As shown in figure 5 , the normalized extinction spectrum from theoretical calculation (dash lines) matches well with the experimental results (solid lines). While keeping the diameter and thickness of the gold core and outer layer constant (10 and 8 nm, respectively), increasing the thickness of the silica layer from 6 to 10 nm leads to a 17 nm blue shift in the resonance peak of the nanoshells. This shift demonstrates that the resonance peak position can be controlled through the relative dimensions of silica and gold layers. The experimental curves are relatively broad due to the non-spherical morphology and surface roughness of the nanoshells.
Conclusion
In this study, we synthesized multi-layer nanoshells on the sub-100 nm scale by layering silica and gold layers onto 20 nm gold nanoparticles. The thickness of the dielectric silica middle layer can be controlled by the reaction conditions, resulting in particles with diameters of approximately 50 nm. The nanoshells exhibited surface plasmon resonance peaks in the visible spectrum, which were in agreement with the theoretical prediction of solutions to Maxwell's equations for light scattering by multi-layered concentric spheres. Although the roughness of the surface of the particles compromises particle sphericity, the use of a larger gold core should help to obtain a more rounded particle geometry, if needed.
